Controllability and stability of ducted fan air vehicles is a challenging problem due to their complex nonlinear aerodynamics and dynamic behavior. At the same time, the combination of vanes and rotor pitch controls can provide unique control characteristics for these vehicles. A dynamic inversion controller is designed for a tandem ducted fan air vehicle to achieve desired response characteristics across the flight envelope. The controller includes an inner loop that controls the attitude and an outer loop that controls translational motion. In this study, it is desired for the vehicle to perform translational maneuvers with minimum pitch and roll angles. This is obtained by modifying the control mixing and the model inversion controller to use a combination of cyclic pitch and vanes to generate a lateral or longitudinal propulsive force. Simulation results of the controller show that the use of vanes decreased the pitch and roll angles considerably for lateral and longitudinal translation maneuvers.
I. INTRODUCTION
A helicopter with an open rotor system typically fulfills the requirements for most vertical take off and landing (VTOL) aircraft missions, but there are certain advantages to ducted rotor systems that make them well suited for niche operations. For example, ducted fans are popular in VTOL unmanned air vehicles (UAVs), because in hover they have higher thrust/power ratio for a given diameter than an open propeller. This allows the aircraft design to be more compact. Also they provide impact protection for the blades and personnel safety due to its enclosed fan. There are many examples of ducted fan UAVs in the market. Using ducted fans for UAVs is becoming more common, but use of a ducted fan for a full scale manned aircraft has not seen wide spread use. There are several examples of experimental ducted fan aircraft over the years. One example, the Piasecki VZ-8 Flying Geep developed in the late 1950s, is shown in Figure 1 .
Figure 1. Piasecki VZ-8 Flying Geep
At that time, the handling qualities and controllability of ducted fan aircraft were limited by the current state of technology in electronic control systems, and the demand for a non-conventional V/STOL was very low. Due to improvements in control theory and technology, ducted fan vehicles are a more viable solution for manned aircraft.
A considerable amount of recent research has been devoted to simulation and control of ducted fans. Tobias and Horn developed a mathematical model for a tandem ducted fan aircraft 1 . The ducted fan model was verified with the experimental data of a 29-inch single ducted fan UAV. Also the usage of vanes for primary and redundant control was demonstrated. He pointed out that vanes can be used to reduce the pitch angle during the forward motion in addition to their usage for yawing.
Johnson and Turbe studied a small ducted-fan GTSpy and found the vehicle exhibited nonlinear aerodynamics and was difficult to control. The study focused on using dynamic inversion controller with neuralnetwork adaptation 2 . The use of such controller reduced the complexity of aircraft dynamics throughout the entire flight envelope without the use of gain scheduling. Johnson and Kannan studied an autonomous helicopter where the dynamics are more complex due to the operations on urban environment 3 . Flight control is separated into inner and outer loops, where inner loop is used to control attitude and outer loop is used to control translational trajectory. It is stated that this kind of control separation is common in autonomous helicopters. Dynamic model inversion and neural network based adaptation are implemented to increase performance of attitude and translational dynamics. Also the model error is minimized with adaptation which leads to a more accurate position tracking.
Sahani 4 developed an adaptive model inversion based controller with Attitude Command Attitude Hold response type for roll and pitch axes and Rate Command Attitude Hold response type for yaw axis. A non-linear simulation model of the UH-60A helicopter was used to test the controller and it was observed that model inversion controller with a linear model at a single design point was adequate for off-design tracking, but use of an adaptive neural network improved the tracking performance significantly.
Hess and Bakthiari-Nejad 5 studied a sliding mode control design for use in an unmanned ducted fan aircraft, which is applied to a nonlinear, unstable and coupled model in different flight conditions. As a result of the studies, the controller, with the inclusion of gain scheduling, shown to be capable of controlling a nonlinear and unstable vehicle. Another application of dynamic inversion on small ducted fan UAV is performed by Spaulding et al 6 , where the research focused on the control robustness, gust rejection and vehicle velocity control. The inversion model is completed with experimental wind tunnel data and state feedback.
Several researchers have investigated model inversion type controllers for use on VTOL aircraft and aircraft with redundant control effectors. Horn and Bridges 7 used a model inversion controller flight control design methodology for gust rejection during shipboard operations in order to reduce pilot workload. Horn and Guo 8 used a similar control design methodology for rotorcraft with variable rotor speed capability, which is treated as a redundant control effecter for the heave axis. A gain scheduled model following/model inversion controller is used to control the roll, pitch, yaw, heave and rotor RPM degrees of freedom. Another example of usage of model inversion controller with redundant control effectors is the study by Geiger 9 . In this study a method for calculation of the optimal control deflections of a fully compounded helicopter in trim and maneuvering flight conditions was developed.
In the light of the previous studies, this study aims to design a model inversion controller to improve the stability and the controllability of the tandem ducted fan. The dynamic model of the aircraft is based on the study of Tobias and Horn 1 . The controller is separated into two loops as inner and outer loops. The inner loop is used to control attitude and the outer loop is used to control translational motion. For attitude control, pitch and roll motions are controlled by a model inversion controller with attitude command attitude hold response type and yaw motion is controlled by a model inversion controller with rate command attitude hold response.
For the control of the translational motion, this study aims to develop a control law that minimizes roll and pitch attitude during translational motion, where the driving force for forward and sideward motion is generated from the deflection of the vanes. With this controller, vanes are going to be deflected in a way to generate propulsive force. When the vanes reach their authority limit, the vehicle smoothly transitions to use attitude change for translational motion. Maintaining a more level attitude might be useful for an unmanned vehicle carrying a sensor payload which would achieve better tracking and performance on a level platform. Reducing attitude excursions might also be useful for a vehicle operating in a constrained urban environment. The control allocation method presented in this paper could be modified to optimize the vehicle attitude for other applications as well.
The model inversion controller determines 6 control variables. In addition to the four traditional control inputs of a VTOL aircraft (lateral, longitudinal, vertical, and yaw control axes), the controller calculates X and Y axis vane controls. A control mixing system was developed by Tobias that converts the 6 control inputs into a combination of 14 control surface deflections, including rotor collective pitch, lateral cyclic pitch and longitudinal cyclic pitch for each rotor, as well as 8 different vane deflections. Roll control is primarily achieved by lateral cyclic pitch, pitch control is primarily achieved by differential collective pitch, heave control by symmetric collective pitch, and yaw by differential deflection of vanes on each rotor. In addition the vanes can be deflected symmetrically to primarily produce longitudinal and lateral forces on the vehicle (the X and Y axis vane controls). The vane deflection inputs and lateral and longitudinal commands are generated in a synchronized manner. Both X and Y axes vanes are deflected to a certain limit without any roll or pitch command. Pitch and roll commands are only used when vanes hit their saturation limits.
The mathematical model is implemented in MATLAB ® code and embedded in a SIMULINK ® diagram for rapid development of control laws. This paper presents the methods for development of such a control system described above and the results of this controller on the tandem ducted fan configuration for different flight conditions and maneuvers.
II. AIRCRAFT MODEL

A. Aircraft Configuration:
The aircraft modeled in this study is a full-size tandem ducted fan with four control vanes placed in the exit flow of each duct. Rotors are modeled to be rigid and with a front rotor rotating counter-clockwise and an aft rotor rotating clockwise. A generic tandem ducted fan aircraft suitably sized for manned and unmanned flight, is used for this study. A schematic of the configuration of the vehicle can be seen in Figure 2 , also the geometric properties of the tandem ducted fan configuration are given at Table 1. 
B. Mathematical Model:
The mathematical model of the tandem ducted fan has 14 inputs as described above and 14 states of the air
where u, v and w are the body axis velocities, p, q and r are the body axis attitudes, , and are the Euler angles, X,Y and Z are the displacements from the trim position and W 1 and W 2 are the inflow velocities for each rotor.
The rotors are modeled using a rigid blade element model with uniform dynamic inflow as described in detail by Tobias and Horn 1 . The rotor inflow model used momentum theory modified to account for the thrust augmentation and flow turning effects of the ducts.
The control vector ( u r ) generated from the controller has 6 components. The input to the model is generated at the control mixing.
where lat and long are the lateral and longitudinal controls, coll is the collective control, pedal is the pedal control and X and Y are the longitudinal and lateral vane controls.
The control mixing converts 6 pilot (or autopilot) inputs into 14 control surface commands. The control effectors on the vehicle include collective, lateral cyclic and longitudinal cyclic pitch control for each of the ducted rotors and 8 control vanes in the exit flow. In this study, the rotor RPM is assumed to be regulated by engine RPM governor, and is assumed to be approximately constant. The control mixing was previously embedded in Tobias's MATLAB code implementation of the vehicle model, but in this study, control mixing extracted from the MATLAB include and implemented in Simulink for ease of modification.
The control vane deflections are determined by calculating three different contributors, as shown in equation (3) .
The contributions to vane deflection include the scheduled deflection, control deflection, and swirl compensation deflection. For forward velocities, the flow passing through the fan will be skewed in the direction of the oncoming flow causing the vane to experience an angle of attack even when it is not deflected. Therefore, Sched X is determined to be a linear function of forward velocity of the tandem ducted fan, with a slope of 0.26°/fps. Swirl effects will also produce undesired angle of attack on the vanes, so swirl X is a constant bias to the deflection to minimize swirl effects. Tobias showed that 8°of deflection was appropriate to reduce the swirl effect. The control deflection, control X , is then used to provide the desired yaw moment, X force, or Y force control effect. In this configuration we are considering all moving vane surfaces, so without the swirl and airspeed scheduled deflection the vanes tend to stall, compromising the control authority of the vanes.
Another important part of the simulation is the inflow calculation. Inflow equation is a highly nonlinear function of thrust coefficient, C T , and the horizontal and vertical advance ratios, µ inplane and µ z . µ inplane and µ z are the non-dimensional inplane and vertical velocity components seen by the rotor. The method developed to calculate inflow by Tobias was an iterative numerical method, which had some weaknesses. For some desired trim conditions, inflow value for rotors diverged and terminated the trim calculations, so this method had divergence problem. Another issue was that the execution time for iterations to be completed slowed down the simulation. To speed up the simulation, the inflow calculation was calculated offline for all possible conditions to produce lookup table.
Although it took considerable time to generate the table, the simulation is speeded up for all subsequent calculations. A fast interpolation script was also developed for use with this table.
One other method used to increase the speed of the simulation is the code vectorization. Code vectorization is a method in which instead of loops to form arrays, vector and matrix multiplications are used. Vectorization of the code can sometimes be difficult to develop and understand, rather than the common loops, but it increases the efficiency and performance of the program considerably. Also, for this study a statistical and deterministic gust model was implemented.
III. CONTROLLER DESIGN
The controller designed has two loops; outer and inner. As mentioned above, outer loop is used to control translational motion and inner loop is used to control the attitude. The outer loop control law has command inputs of forward, sideward and heave velocities, which might be provided by the pilot inputs (for a manned aircraft with translation rate command control response) or by an autopilot/path planner (for an unmanned aircraft). The outer loop uses a model following inversion type of controller, where acceleration pseudo-commands ( X and Y ) are calculated by a model follower. As shown in Figure 4 , the model follower uses a first order command filter designed to meet desired response characteristics and a proportional-integral (PI) compensator to regulate tracking error. The command filter produces the desired state and state derivative response. The state tracking error is passed through a PI compensator, which is added to the desired response of the state derivative. 
V
For forward and sideward velocities, the acceleration pseudo-commands obtained from the model follower are sent to the outer loop inversion control, but the heave axis pseudo-command is sent directly to the inner loop inversion control law which is used to determine the desired collective command. The forward and sideward motion dynamics are governed by Eq. (4). In the inversion control law the acceleration terms are replaced by the pseudocommands as shown in Eq. (5). This equation must then be solved to find the combination of roll and pitch attitudes and longitudinal and lateral vane deflections to achieve the desired forward and sideward accelerations. However, the system of equations is an underdetermined system, where the unknowns are more than the number of equations. This leads to a need for control allocation for redundant control effectors. 
(5)
This study aims to obtain forward and sideward motion with minimum pitch and roll attitude change, and possibly even no attitude change for low-speed translation. The algorithm generated for this controller, therefore, aims to obtain desired pseudo accelerations with minimum attitude commands by using redundant effectors. In order to achieve this goal, controller is setting pitch command and roll command to zero and calculates the lateral and longitudinal vane commands. The control component of the vane deflections ( control X ) is limited to ±10°to avoid stalling the control surface. When a vane reaches this limit, the controller sets X or Y to the limit value and calculates the pitch or roll command to achieve the commanded acceleration. Therefore, command for attitude change is avoided until some speed where vane deflections are not enough anymore. The control allocation for redundant control effectors can be achieved by this algorithm, which is also shown in Figure 5 . 
B. Inner Loop:
The inner loop is located in the`Model Follower`block of Figure 3 , where model inversion and state feedback controllers are implemented as shown in Figure 6 . Commands for roll and pitch attitude, heave velocity command and vane commands are inputs to the inner loop from outer loop. Yaw rate command would be provided by a pilot in a manned vehicle but could be provided by a heading command outer loop control law on an unmanned aircraft. The control variables are calculated from Eq. (7). The desired acceleration values are calculated from the model follower, which is a simple command filter with feedback proportional-integrated-derivative (PID) control. The model follower is governed by second order command filter for roll and pitch axes and first order command filter for yaw axis. The attitude responses are obtained as roll and pitch angles and as yaw rate. Also a second order command filter was used for body z acceleration in the outer loop. The pseudo-commands, as shown in Eq. (8), are obtained from model follower and model inversion is used to determine control inputs. The inversion model for the inner loop can be solved for each control commands, because system is fourth order and there are 4 controls to be solved; therefore there is no control allocation problem needed to be solved for the inner loop.
IV. RESULTS
The model following/model inversion controller designed in the previous section is implemented on the nonlinear model of the generic ducted fan aircraft, in SIMULINK ® . The nonlinear simulation is used to observe the effect of vane control on reduction of attitude change for different maneuvering cases.
A. Open Loop Response:
Before observing the results for the controller designed, the open loop response is studied. Figure 7 shows the response of the vehicle for -5% longitudinal step input starting from a trimmed hovering condition. Clearly the vehicle dynamics are highly unstable, and the vehicle pitches over to an inverted orientation after a few seconds. The longitudinal control sensitivity is also very high. The vehicle needs the large range of control power to trim in forward flight conditions to overcome the pitching moment effects on the ducts, but the excess control power also results in excessive control sensitivity when operating around a trim point. The vehicle would clearly benefit from a feedback augmentation to stabilize the dynamics and produce predictable response characteristics. The controller was analyzed for tracking of a commanded change in forward velocity as shown in Figure 8 and 9, where the tracking for 15 ft/s and 20 ft/s commands are observed to be performed satisfactorily. Achieving a good tracking performance lead the research to study the effect of vane control on the response of the pitch attitude and longitudinal vane deflections. As shown on Figure 10 and 11, when vane control is turned on, the commanded forward speed is achieved with considerably lower pitch attitude. After that the simulation is analyzed for the variation of the pitch attitude for varying forward velocity step inputs which is presented in Figure 12 . It can be observed on figure 12, by using vane control, up to 20 ft/s, the pitch attitude required is less than 5°. It must be noted that, although on figures 10 to 12 vanes seem to be saturated at 10°, the total vane deflections can be higher than that value. Recall that vane deflections are defined in equation (3) Similar to forward flight, sideward flight is also analyzed for tracking capabilities and for the effect of vane control on roll attitude. The results are illustrated in Figure 13 , where a 10 ft/s step input is commanded. As observed, sideward flight tracking capabilities are also satisfactory like the forward flight case. The effect of vane control on roll attitude is analyzed for 10 ft/s sideward motion and the result is illustrated in Figure 14 . The controller for the nonlinear simulation is designed to reject gusts due to typical wind and atmospheric turbulence. Figure 15 shows the response of a hovering tandem ducted fan aircraft for turbulent gusts of 15 ft/s and 30 ft/s mean velocity from North with and without vane control. Also a more challenging case with gust mean velocity of 20 ft/s from Northeast direction is analyzed with the vane control on and is illustrated in Figure 16 . The nonlinear simulation seemed to be working fine for separate flight conditions, like forward flight and sideward flight. A more complex maneuvering flight condition was analyzed for a flight around a square as illustrated in Figure 17 , where the aircraft will hover for 5 seconds at each corner. The heading of the aircraft did not change during this motion and as shown in Figure 18 vane controls are used in this maneuvering flight, so pitch and roll attitudes are less than 2°. 
V. CONCLUSIONS
The goal of this paper is to develop a controller for a tandem ducted fan aircraft with redundant control allocation and observe the response of the aircraft under different flight conditions. In the current study a control allocation method was developed to minimize attitude changes. The design method was developed and implemented using SIMULINK ® . For forward and sideward flight, the control allocation for redundant control effectors observed to be useful for reduction of pitch and roll attitude during motion. Especially for low-speed translational motions encountered almost no attitude change, where all propulsive forces are supplied from vanes. Except for an initial attitude change for forward flight, very low pitch angles are obtained for velocities up to 20 ft/s.
The gust rejection characteristics of the controller investigated and it was observed that use of vane controls can be enough for gust rejection. 15 ft/s north gust can be tolerated with only vane deflections, but in 30 ft/s north gust, vane controls reduced the pitch attitude from 10°to 6°. Also more complex gust condition, where sideward gust is also included, can also be tolerated with the controller developed.
The controller was also test for two more complex maneuvering cases. In one case the aircraft is tracking a square motion without changing the heading. In another case the vehicle flies a circular trajectory while keeping the heading aligned with the flight path. At low speeds, these maneuvers can be achieved with very little attitude change.
The results prove that the forward and lateral translation of this type of vehicle can be controlled independently of the roll and pitch attitude with the control authority limits of the vanes. A larger range of flight conditions could be achieved with zero attitude variation if the number or size of the exit vanes were increased. This capability might be useful for an unmanned ducted fan vehicle carrying a sensor system, since the sensor might more able to track a target if the attitude excursion of the platform were minimized. The capability might also be useful for a vehicle operating in an urban environment close to structures. Large attitude changes might not be desirable for safety reasons. A ducted fan aircraft might even be able to push against buildings to insert or retrieve people in a military or rescue mission. The control allocation methodology could be modified to optimize the vehicle attitude for other applications as well.
